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PALEOSEISMOLOGICAL STUDY IN THE ST. LOUIS REGION
Abstract

At least two generations of Holocene earthquake-induced liquefaction features, including sand
and silt dikes and sills and only two sand blows, occur in the St. Louis region. Some of these
features probably formed during the 1811-1812 New Madrid earthquakes and others formed
during a Middle Holocene earthquake in 4,520 B.C. + 160 yr. Liquefaction features along the
Meramec River south of St. Louis formed since A.D. 1670, probably during the 1811-1812
earthquakes. Other Late Holocene sand dikes, ranging up to 26 cm in width, occur along the
Kaskaskia River and its tributaries Crooked, Shoal, and Silver Creeks, as well as along Cahokia
and Piasa Creeks and the Cache, Castor, Marys, and Meramec Rivers. The 1811-1812 New
Madrid earthquakes, or similar events in A.D. 1450, A.D. 900, and A.D. 300, may have been
responsible for these Late Holocene liquefaction features in the St. Louis region. Middle
Holocene liquefaction features, including two sand blows and numerous sand dikes, ranging up
to 45 cm in width, occur along the Kaskaskia River and its tributaries Crooked, Mud, and Shoal
Creeks, as well as along Cahokia Creek and the Big Muddy and Cache Rivers. The 4,520 B.C. +
160 yr earthquake may or may not have been responsible for all these Middle Holocene features.
The relatively large size of some of these features near Germantown, Illinois, suggests that the
earthquake source may be located east of St. Louis. However, the location and magnitude of the
Middle Holocene event remains uncertain. Additional work is needed to better constrain the
ages of liquefaction features and thus the timing of the earthquakes that caused them, and to
correlate similar-age liquefaction features across the region and thus further define the extent of
liquefaction during each event.

Introduction

Through the use of liquefaction features, great strides have been made in elucidating the record
of prehistoric earthquakes in the central United States. For example, it is now recognized that
the New Madrid seismic zone (NMSZ) generated very large (M > 7.6) prehistoric earthquakes
circa A.D 1450 + 150 yr and A.D. 900 + 100 yr (Tuttle et al., 2002), as well as other significant
events circa A.D. 300 + 200 yr and 2350 B.C. + 200 yr (e.g., Saucier, 1991; Tuttle et al., 2005).
The Wabash Valley seismic zone (WVSZ) in southeastern Illinois, and southwestern Indiana, has
been interpreted as the source of a M 7.2-7.8 earthquake circa 6,100 + 200 radiocarbon yr B.P.
and a M 7.1-7.3 event circa 12,000 + 1000 radiocarbon yr B.P. (e.g., Obermeier et al., 1993;
Munson et al., 1997; Olson et al., 2004). Other prehistoric earthquakes have been inferred from
paleoliquefaction features located far from recognized seismic zones, including an earthquake of
M 6.2-6.8 near Springfield between 5,900-7,400 radiocarbon yr B.P. (e.g., Hajic and Wiant,
1997; McNulty and Obermeier, 1999). Also, liquefaction features have been found in the St.
Louis region suggesting strong ground shaking at least twice during the past 6,500 years (e.g.,
McNulty and Obermeier, 1999; Tuttle et al., 1998, 1999). Nevertheless, questions remain
regarding the number, source areas, and magnitude of earthquakes that induced liquefaction in
this region during the Holocene. This report presents results of a paleoseismic study in the St.
Louis region designed to pickup where previous studies had left off in an attempt to address
these outstanding questions regarding paleoearthquakes.



Geological and Seismological Setting

The St. Louis region straddles the Mississippi River and includes the eastern portion of the Ozark
uplift and western portion of the Illinois basin (Fig. 1). The Illinois basin was initiated in the
Early Paleozoic and experienced episodes of rapid sediment accumulation during the Late
Cambrian and Mississippian (e.g, Quinlan, 1987). The Ozark uplift originated in the
Precambrian and experienced several episodes of uplift and sedimentation during the Paleozoic
(e.g., McCracken, 1971). Youthful topographic features in the Ozarks indicate renewed uplift
during the Quaternary. Well-known geologic structures in the region include the St. Louis and
Centralia faults, the Valmeyer and Waterloo-Dupo anticlines, and the Du Quoin monocline (Fig.

1.

The St. Louis region is characterized by low to moderate seismic activity, in stark contrast to the
highly active NMSZ to the south (Fig. 1; Nuttli and Brill, 1981; Johnston and Schweig, 1996). A
diffuse concentration of seismicity extends northwest from the NMSZ to the St. Louis region.
Seismicity in this region is thought to be caused by reactivation of old basement faults. Although
several earthquakes have been spatially associated with the St. Louis fault (e.g., Harrison, 1997)
and the Centralia fault zone (Mitchell et al., 1991), no earthquake has been directly attributed to
any particular geologic structure (Fig. 1).

Results of Previous Paleoseismology Studies in the St. Louis Region

In the mid-1990s, liquefaction features were found along the Kaskaskia River east of St. Louis
(Obermeier, pers. comm., 1995). This finding prompted two paleoseismology studies in the St.
Louis region to determine if the liquefaction features formed as a result of large earthquake(s)
produced by a local source or very large earthquakes centered in the New Madrid or Wabash
Valley seismic zones.

In a study focused in the area east of St. Louis, two generations of sand dikes, including a 45-cm-
wide dike, were found along Kaskaskia River and its tributary Shoal Creek (McNulty and
Obermeier, 1999). The study concluded that a M > 6 earthquake occurred near the lower portion
of Shoal Creek during the Middle Holocene about 6,500-7,000 radiocarbon yr B.P. The age of
the event was estimated from the weathering characteristics of sand dikes and dating of deposits
cut by the dikes. The earthquake source area was inferred from the local distribution of
liquefaction features. The magnitude of the earthquake was derived from the relation between
earthquake magnitude and maximum epicentral distance to surface evidence of liquefaction (e.g.,
Ambraseys, 1988).

In a regional paleoseismology study conducted by the PI for the U.S. Nuclear Regulatory
Agency, more than 400 km of rivers and creeks were surveyed across southeastern Missouri and
southwestern Illinois for evidence of Quaternary faulting or folding and earthquake-induced
liquefaction (Figs. 1 and 2; Tuttle et al., 1998 and 1999). At least two generations of liquefaction
features, including two sand blows and many sand and silt dikes and sills, were found along the
Big Muddy, Cache, Castor, Marys, Meramec and Kaskaskia Rivers and Mud, Shoal, and Silver
Creeks. The sand blows, as well as a few truncated sand dikes, provided minimum age
constraints, in addition to maximum age constraints. Thus, age estimates were narrowly
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constrained for several liquefaction features, and thus for their causative earthquakes. Sand
dikes at two sites on the Meramec River appeared to have formed during the 1811-1812
earthquakes and two sand blows and several sand dikes on the Kaskaskia River and Shoal Creek
werre estimated to have formed in 4520 B.C. = 160 yr or 6,500 B.P. (also 5,670 + 80 radiocarbon
yr B.P.). Although they were assigned to general age classes (e.g., Late Holocene, Middle
Holocene, Holocene, or Late Wisconsin-Holocene), most of the other liquefaction features have
poor age constraints, making regional correlation problematic. In addition, the liquefaction
potential of sandy layers represented in borehole logs from fourteen bridge sites the region was
determined for earthquakes of M 5.25, 6.0, 6.75, and 7.5 at distances of 10, 32, 40, 80, 100, and
125 km (Tuttle et al., 1999). On the basis of the analysis, it was proposed that several different
earthquake scenarios could explain the observed distribution of liquefaction features. The
earthquake scenarios serve as working hypotheses to be tested through additional fieldwork and
liquefaction analysis.

Investigations Undertaken

The main goals of this study are to constrain the age estimates of earthquakes that induced
liquefaction in the St. Louis region and to gain additional information about the size and spatial
distribution of similar-aged liquefaction features. In order to achieve these goals, we searched
areas not previously surveyed for liquefaction features, documented and dated liquefaction
features in those areas, studied in detail a liquefaction site in the suburbs of St. Louis, conducted
liquefaction potential analysis of borehole data collected at that site by the Missouri Department
of Transportation, and evaluated the age estimates of liquefaction features found during this
study and those found during a previous study funded by the U.S. Nuclear Regulatory
Commission. The overall purpose of this research is to improve our understanding of the
earthquake hazard of the St. Louis region. This project was conducted in collaboration with
Eugene Schweig of the U.S. Geological Survey. John Sims, Ingrid Ekstrom, Dave Hoffman
assisted with river reconnaissance. John Sims participated in logging of liquefaction features at
sitt MR25W. Kathleen Dyer-Williams performed the liquefaction potential analysis.

Results of Investigations

River Reconnaissance and Newly Found Liquefaction Features

During this study, reconnaissance for liquefaction features was conducted along rivers and
creeks in the St. Louis region. They include the Cuivre, Meramec, and Missouri Rivers and
Femme Osage and Saline Creeks in southeastern Missouri, and the Cache and Kaskaskia Rivers
and Cahokia, Crooked, Fountain, Horse, Piasa, Prairie du Pont, Richland, Shoal, and Silver
Creeks in southwestern Illinois (Fig. 2). Brief descriptions of conditions encountered along these
rivers and streams are given below.

We found no additional liquefaction features along the Cache, Cuivre and Missouri Rivers or
along the Femme Osage, Fountain, Horse, Prairie du Pont, Richland, Saline and Silver Creeks.
However, we did find and document thirty additional sand and silt dikes along Meramec and
Kaskaskia Rivers and the Cahokia, Crooked, Piasa, and Shoal Creeks. The locations, sizes,
orientations, and estimated ages of the sand dikes are summarizes in Table 1.
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Figure 2. Earthquake-induced liquefaction features documented during this project
and prior paleoseismological study in St. Louis region (Tuttle et al., 1998, 1999). Inset
shows blowup of outlined St. Louis area. Ages of few liquefaction features are well-
constrained making it difficult to estimate timing, locations, and magnitudes of causa-

tive earthquakes. McNulty and Obermeier (1999) also reported liquefaction features
along portions of Kaskaskia River and Shoal Creek.



At the liquefaction sites, as well as other nearby sites, we collected organic samples for dating
purposes. The PI selected a few of the samples for radiocarbon dating, which was performed by
Beta Analytic, Inc. Results of radiocarbon dating are presented in Table 2. Based on the
radiocarbon results and the observed weathering characteristics of the sand dikes, the PI
estimated the ages of the liquefaction features and graded the age estimate (see Appendix I).
Sand dikes at Meramec River site 203 formed since A.D. 1670, probably during the 1811-1812
New Madrid earthquakes. Other dikes that may be Late Holocene in age occur on Kaskaskia and
Meramec Rivers and Cahokia, Crooked, and Piasa Creeks. Sand dikes at Kaskaskia River site
200 (KR200) formed since 7495 B.C., possibly during the 4520 B.C. + 160 yr event. Other
dikes that may be Middle Holocene in age occur on the Kaskaskia River and Cahokia and
Crooked Creeks.

Cache River

Downstream from Ullin, Illinois, we surveyed 12 km of the Cache River, a former tributary to
the Ohio River. Exposure was poor along most of this portion of the river due to beaver dams,
channelization, and heavy vegetation. The few exposures revealed mottled clayey silt. Probing
at several sites, we found interbedded silt and sand below river level. We found no liquefaction
features along this portion of the Cache River; however this is not surprising given the poor
exposure.

Cahokia Creek

Downstream from Edwardsville, Illinois, we surveyed 8 km of Cahokia Creek, a tributary to the
Mississippi River. This portion of the creek is incised into the uplands and crosses the eastern
margin of the Mississippi River floodplain. Exposure was good and cutbanks range from 3 to 11
m in height. Sediment profiles include buff-colored and rose-colored silt overlying either
reddish silt containing calcium carbonate nodules or rythmites of silt and sand and mottled silt
overlying interbedded silt and fine sand. Probing at several sites indicates thicker beds of coarse
to medium sand below the water level.

We found nine sand dikes at five different sites along Cahokia Creek (see Fig. 2 and Table 1).
The widest sand dike is located at site 2 (CC2 on Fig. 2; Fig. 3) about 25 km northeast of St.
Louis. The sand dike is 35-cm wide, crosscuts a sandy layer, and intrudes and terminates within
a diamicton (probably a glacial till) overlain by what appears to be Roxanna loess (60-26 ky).
The dike fines upward from pebbly, coarse to medium sand. Fines (silt and clay) have
accumulated in the upper portion of the dike and the entire feature is either iron-cemented or
iron-stained. The weathering characteristics of the large sand dike indicate that it is prehistoric
in age and are similar to those in Middle Holocene sand dikes. Given that it intrudes a glacial
deposit, the sand dike clearly formed during or since the Wisconsin.

The other sand dikes along the creek range from 0.5 to 6 cm in width. Sand dikes at sites 4 and 6
are very weathered and interpreted as Middle Holocene in age. In contrast, the sand dike at site 5
is loose, unweathered, and appears to be young. Radiocarbon dating of wood from a tree trunk
bedded in silt about 54 cm below the dike termination indicates that it formed since 160 B.C. or
during the Late Holocene.



Table 1. Liquefaction features found during river reconnaissance in St. Louis region.

River Latitude | Longitude | Sand Dike | Strike and Dip Age Estimate
Site # Width (cm)
Cahokia Ck.
2 38.82718 90.00360 35 N50°W, 85°SW Late Wisconsin-
Holocene
4 38.82413 90.00697 1.25 N33°W, 84°NE Middle Holocene
1 N38°W, 87°NE
0.5 N47°W, 90°
5 38.80654 90.02695 1.5 N37°W, 88°NE Late Holocene
6 38.80519 90.03262 1.5 NI13°E, 88°NW Middle Holocene
1 N28°E, 88°SE
7 38.80485 90.03696 6 N26°E, 64°NW Holocene
4 N4°E, 75°SE
Crooked Ck.
4 38.5005 89.3660 14 N28°E, vertical Middle Holocene
5 38.4995 89.3684 4 N8°W, 89°W Middle Holocene
6 38.4994 89.3703 6 NI10°E, 86°NW Middle Holocene
2 NS55°E, 85°NW
7 38.4957 89.3725 1.5 NI15°E, 87°SE Late Holocene
1.5 N48°W, vertical
8 38.4894 89.3978 5 N30°E, 80°NW Holocene
9 38.4954 89.4038 3.5 N&8°E, 80°SE Holocene
Kaskaskia R.
200 38.5311 89.3718 7 NI10°E, 85°SE Middle Holocene
3 N40°E, 72°NW
201 38.5175 89.4044 6 N15°W, 78°SW | Middle Holocene
4 NO°E, 84°NW
201 38.5175 89.4044 3 N3°E, 85°SE Late Holocene
Meramec R.
25W 38.4585 90.3507 20 N70°E, 86°NW Late Holocene
1 N52°E, 78°NW
1 N45°E, 87°SE
203 38.4651 90.4152 8 N81°E, 65°SE 1811-1812
6 N32°E, 82°NW
Piasa Ck.
2 38.95698 90.28497 1.5 N58°W, 85°SW Late Holocene
Shoal Ck.
100 38.5924 89.4982 1,1 Holocene
101 38.5866 89.5033 3 N8O°E, 80°SE Holocene




Table 2. Results of radiocarbon analysis of samples from sites in St. Louis region.

Site-Sample Bc/™C | Radiocarbon | Calendar Yr 2 | Sample

Lab-Sample Ratio Agel Description

Cahokia Ck 3-W1 -28.8 1320 £ 80 A.D. 600-890 |Leaves 1.4 m below surface
Beta-171815 and 1.8 m above WL
Cahokia Ck 5-W2 -26.5 2000 + 60 160 B.C.-A.D. | Wood 3 m below surface
Beta-171816 120 from outer part of tree trunk
Crooked Ck 4-W1 -26.4 | 121.6 £0.6% Modern Wood 3.43 m below surface

Beta-142694

and 28 cm below dike tip

Crooked Ck 7-C2 -24.1 5820 + 50 4785-4540 B.C. | Charcoal from weathered silt
Beta-142695 11 cm below dike tip
Fountain Ck 1-Cl1 -27.5 160 + 40 A.D. 1660-1950 | Charcoal 2.55 m below
Beta-171817 surface from top of paleosol
Femme O. Ck 1-W1 -28.1 3890+ 70 2570-2520 B.C. | Leaves 10-20 cm above
Beta-171818 2500-2140 B.C. | water level (WL)
Kaskaskia R 200-W1 | -28.2 8250+ 70 | 7495-7070 B.C. | Wood 2.7 m below dike tip
Beta-142697 and 5.2 m below surface
Meramec R 25- -25.1 5360+ 70 | 4340-3990 B.C. | Wood 1.55 m below dike tip
W1003 and 5.21 m below surface
Beta-159783
Meramec R 25-C1000 | -25.6 5490 £40 | 4370-4250 B.C. | Charcoal 1.45 m below dike
Beta-159782 tip and 5.11 m below surface
Meramec R 25-W1 -27.1 5510 +40 | 4440-4320 B.C. | Wood 2 m below dike tip
Beta-142698 and 5.66 m below surface
Meramec R 202-C1 -26.0 2510+ 50 800-415 B.C. |Charcoal 3.28 m below
Beta-142699 surface from shell midden
Meramec R 203-C1 -25.1 110 £40 A.D. 1670-1780 | Charcoal adjacent to dike tip
Beta-142700 A.D. 1795-1955
Piasa Ck 1-W2 -26.6 110 £60 Outside Wood 1 m below surface
Beta-171819 calibration range | from outer part of tree trunk
Piasa Ck 2-W1 -26.8 | 106.9 + 0.5% Modern Organics 14 cm above dike
Beta-171820 tip
Prairie du P. Ck 1-W1 | -27.5 430 £+ 60 A.D. 1410-1530 | Leaves and debris 1m above
Beta-171821 A.D. 1550-1630 | WL from channel fill
Shoal Ck 102-W1 -29.7 220 + 60 A.D. 1515-1590 | Wood 4.5 m below surface
Beta-142702 A.D. 1620-1705 |and 0.5 m above WL from
A.D. 1715-1885 | outer part of tree trunk in
A.D. 1910-1950 | organic layer

1 1-sigma conventional radiocarbon ages in years B.P. or before present (1950) determined by Beta Analytic, Inc.

2 2-sigma calibrated age ranges in calendar years determined by Beta Analytic, Inc., using the Pretoria procedure
(Talma and Vogel, 1993; Vogel et al., 1993).
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Crooked Creek

We surveyed the lowermost 33 km of Crooked Creek, a tributary to the Kaskaskia River. There
was good exposure along the entire length of the creek. The Crooked Creek valley is only about
1-2 km wide. Where it flowed along the valley margin, the creek has tall cutbanks exposing
diamicton or rythmites of silt and clay. Within the valley, cutbanks range from 3 to 6 m in
height and expose primarily mottled silt. Along the lower 10 km of the creek, we found 8 dikes
at 6 different sites (see Fig. 2 and Table 1). The dikes range from 1.5 to 14 cm in width and
several of them are composed of silt rather than sand. At site 7, charcoal collected from mottled
silt 11 cm below the termination of a sand dike indicates that it formed since 4785 B.C (Table 2).
The sand dikes at this site exhibite no weathering or soil development and therefore are
interpreted to be Late Holocene in age. Dikes at sites 4,5, and 6, however, are quite weathered
up to 45 cm below their terminations. These dikes are interpreted as Middle Holocene in age.

Cuivre River

We surveyed the lowermost 25 km of the Cuivre River, a tributary to the Mississippi River. In
general, exposure was poor and sedimentary conditions did not appear especially conducive to
the formation of liquefaction features. Due to channelization, exposure was almost non-existent
along the lowermost 5 km of the river, where it crosses the Mississippi River floodplain. The
uppermost 12 km of the river meanders across a narrow valley, ranging from 0.5 to 1.5 km in
width. Bedrock is exposed where the river flows near the valley margins. There are few
exposures of interbedded silt and sand along this portion of the river. Along the middle portion
of the river, we observed a few exposures of mottled silt or interbedded silt and sand. We found
no liquefaction features along Cuivre River.

Femme Osage Creek
We surveyed the lowermost 10 km of Femme Osage Creek, a tributary to the Missouri River.

This portion of the creek is incised in the uplands near Defiance, Missouri, and crosses the
floodplain of the Missouri River. Exposure is poor for the entire length of the creek but is
especially bad along the lower 2.5 km, where the creek has been channelized. In the upper
reaches, bedrock is exposed in a few locations. Elsewhere, there are several 3 to 5 m high
exposures of brownish silt overlying either layered silt or interbedded silt and sand. We found
no liquefaction features along this creek.

Fountain Creek

We surveyed 4 km of Fountain Creek, a tributary to the Mississippi River, where it is incised in

the uplands east of the Mississippi River floodplain. Exposure was poor and limited to bedrock

outcrops and 3 to 4 m cutbanks of mottled silt overlying reddish silt. Conditions are not suitable
along this creek for the formation of liquefaction features.

Horse Creek

We conducted reconnaissance on foot and by car along the lower 5 km of Horse Creek, a
tributary to the Kaskaskia River. The creek banks are low and poorly exposed. In addition, the
water level was fairly high, apparently backed up from the Kaskaskia River. We concluded that
little or no information about past earthquakes could be obtained from a closer survey of the
creek
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Kaskaskia River

We surveyed 26 km of the Kaskaskia River downstream from Carlyle Reservoir. At the time the
upper 18 km of the river was searched, the river level was high due to release of water from the
reservoir and therefore exposure was poor. During reconnaissance of the lower 8 km, the river
level was low and exposure was very good. Where the river flowed along the valley margin,
bedrock or diamicton was exposed. Where the river crosses the valley, howver, cutbanks were
usually 5 to 6 m high and revealed mottled silt overlying interbedded silt and sand or sand. We
found and documented two liquefaction sites with multiple sand dikes along this portion of the
river (see Fig. 2 and Table 1).

Meramec River

The PI had found sand dikes along the Meramec River during a previous study. We resurveyed
the lower 22 km of the Meramec River with the hope that additional liqufaction features had
been exposed by cutbank erosion. We found one additional liquefaction site about 300 m
upstream from the Highway 21 bridge near Paulina Hills, Missouri (see Fig. 2 and Table 1). The
liquefaction feature at this site is an upward branching sand dike. Radiocarbon dating of
charcoal collected adjacent to the uppermost dike tip indicates that it formed since A.D. 1670
(Table 2). Only the 1811-1812 New Madrid earthquakes are known to have induced liquefaction
in the St. Louis area. Therefore, we expect that this sand dike also formed in 1811-1812.

Missouri River

We surveyed by motorboat 15 km of the Missouri River in the vicinity and upstream from St.
Charles, Missouri. In addition, we conducted car reconnaissance along 30 km of the river
downstream from St. Charles. Exposure is very poor along this portion of the Missouri River
due to erosion control measures including riprap and groins. The few exposures revealed
laminated silt or interbedded silt and sand. We found no liquefaction features along the Missouri
River.

Piasa Creek

We surveyed 8 km of Piasa Creek upstream from Lockhaven, Illinois. The upper portion of the
creek had low, vegetated banks with poor exposure. The few small exposures we found revealed
reddish silt overlying either layered silt or fine sand. Exposure improved along the lower portion
of the creek. For a 1-km stretch, the creek flowed along the base of a very high cutbank in
bedrock. Elsewhere, cutbanks ranged from 2 to 10 m in height and revealed primarily reddish
silt overlying layered silt. At several locations, probing indicated that sand was interbedded with
silt below water level. Despite poor exposure and less than ideal conditions for the formation of
liquefaction features, we found one small sand dike (see Fig. 2 and Table 1). The sand dike was
loose and fairly unweathered suggesting that it is probably Late Holocene in age.

Prairie du Pont Creek

Near Imbs and Tillman, Illinois, we surveyed 5 km of Prairie du Pont Creek, a tributary to the
Mississippi River. The upper portion of the creek is incised in the uplands southeast of the
Mississippi River floodplain. Many of the banks are low and vegetated and had been covered
with recent flood deposits. The few exposures revealed weathered silt with only thin beds of
sand. The lower 1 km of the creek flows across the margin of the Mississippi River floodplain
and has been channelized. Exposure was poor except for the lower 1 m of the cutbank which
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had been scoured. Along this reach, mottled silt is overlain by black clayey soils. Conditions
did not appear suitable for the formation of liquefaction features.

Saline Creek

We surveyed 21 km of the lower Saline Creek, a tributary to the Mississippi River. All along the
creek, bedrock outcrops intermittently. Along the upper 5 km, exposures reveal interbedded silt,
gravel, and clay or silt and clay. Downstream, sand is occasionally interbedded with silt and
clay. Along the lower 10 km, creek banks are slumped, vegetated, and poorly exposed. We
found no liquefaction features along Saline Creek, but this is not surprising given the limited
depth of unconsolidated sediments and the poor exposure along the lower reach of the stream.

Shoal Creek

We surveyed 20 km of the Shoal Creek between St. Rose and Breese, Illinois. Along the upper
12 km, bedrock outcrops intermittently. In a few places, interbedded clay, silt, and sand, overlie
bedrock or diamicton. Elsewhere banks are vegetated, slumped, and generally poorly exposed.
Exposure improves along the lower 8 km of the creek. Cutbanks are about 4 m high and expose
mottled silt overlying interbedded silt and sand. We found three sand dikes at two sites along
this stretch of the creek (see Fig. 2 and Table 1). All three sand dikes are small and occur in
mottled silt that is probably Holocene in age. The dikes did not appear weathered but they occur
low in the section. We found no material for dating at either site. Therefore, we have little
control on the age estimate of the dikes.

Silver Creek

We surveyed 9 km of Silver Creek where it crosses the uplands adjacent to the Kaskaskia River
floodplain. Along the upper 4 km of this portion of the creek, we encountered many exposures
of bedrock and a few exposures of interbedded silt and sand. Downstream there were many good
exposures of mottled silt overlying interbedded silt and sand and cross-bedded sand. Conditions
are not suitable for the formation of liquefaction features along the upper portion of Silver Creek.
Conditions are more suitable downstream, but we found no liquefaction features.

Richland Creek

We surveyed the lower 9 km of Richland Creek, a tributary to the Kaskaskia River. In general,
exposure was poor, especially along the lower 6 km where banks have low slopes and are
vegetated. A few small exposures and probing of cutbanks suggested that mottled silt is
underlain by interbedded silt and sand. We found no liquefaction features but this is not
surprising given the poor exposure.

Investigation of Meramec River Liquefaction Site MR25W

This liquefaction site (MR25W) previously found along the Meramec River was selected for
further study because it is only 25 kilometers from downtown St. Louis, contains a 20-cm-wide
sand dike, as well as several other smaller dikes, and possibly a sand blow (Fig. 2, see inset; and
Fig. 4).

Careful examination revealed that the possible sand blow is actually a fluvial deposit (see Fig. 5;
units 3a and 3b) that had been locally liquefied either by ground shaking or by water flow into
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Figure 4. Photograph of 20 cm-wide pebbly, sand dike at MR25W about 25 km southwest
of St. Louis along Meramec River. Weathering characteristics (fines accumulation and
iron-staining) of sand dike suggest that it is prehistoric in age. Other sand dikes along
Meramec River probably formed during 1811-1812 New Madrid earthquakes. Photo by
M. Tuttle.
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the layer via the sand dike. The 20-cm-wide sand dike crosscuts the sandy fluvial deposit and
continues up-section for another meter where it terminates about 3.66 m below the top of the
cutbank. Other smaller sand dikes terminate lower in the section and their relationship to the
larger sand dike is unclear. The 20-cm-wide dike, in general, fines upward from pebbly, coarse
sand in its lower section, to coarse-medium sand in its middle section, to fine sand towards its
tip. Fines have accumulated in the upper 50 cm of the dike and the entire dike is either iron-
stained or iron-cemented. Given its weathering characteristics, this feature probably is not
historic in age. Unfortunately, samples for radiocarbon dating were found only in the channel
deposits more than 1 meter below the dike tip. Therefore, the radiocarbon dates (see Fig. 5 and
Table 2) provide only maximum age constraint for the 20-cm wide sand dike and indicate that it
formed since 4340 B.C. At an archeological site upstream from MR25W, charcoal from a shell
midden in the lower terrace deposits, like those at MR25W in which the sand dike terminates,
yielded a calibrated date of 800-415 B.C. Therefore, it is possible, but be no means required,
that the 20-cm wide sand dike formed during the Late Holocene.

This site illustrates the difficulty in estimating the ages of sand dikes. Rarely is it possible to
determine close maximum or minimum age constraints for sand dikes. Until the age(s) of the
liquefaction features at this site are better constrained, their correlations with other features
across the region will have a high degree of uncertainty.

Analysis of Liquefaction Potential of MR25W

The Missouri Department of Transportation (MDOT) conducted in sifu geotechnical testing,
including two borings 4.57 m apart, at MR25W. According to the log of boring 1, which was
closest to the sand dike, there are three sandy layers within 15 m (50 ft) of the ground surface
(Table 3). These layers include fine sand from 3.7-5.4 m (12-17.6 ft) below the surface, gravelly
sand from 9.5- 10.1 m (31-33 ft), and silty sand from 14.3-15.7 m (47-51.5 ft). The upper sandy
layer was not observed in boring 2. The middle layer of sandy gravel at 9.5- 10.1 m below the
surface seems the most likely source of the 20-cm wide sand dike for the following reasons.
First, the sand dike originates below 7 m and crosscuts the deposit of interbedded sand and silty
sand as observed in the cutbank exposure between 3.86-5.36 m below the ground surface (Figs. 4
and 5). Second, the pebbly, sand dike appears to more closely match the gravelly sand at 9.5-
10.1 m than the silty sand at 14.3-15.7 m.

Using the standard penetration (SPT) data collected at the site, we evaluated scenario
earthquakes (e.g., M 5.25, 6, 6.75, 7.5, 7.8, and 8 at distances of 10, 32, 40, 80, 100, 125, and
200 km) for possible source areas or known geologic structures, including the St. Louis fault,
Centralia fault-Du Quoin monocline, and the New Madrid fault system (Fig. 1; Appendix II). In
evaluating the scenario earthquakes, we employed the simplified procedure, also known as the
cyclic stress method, of liquefaction potential analysis (e.g., Seed and Idriss, 1982; Youd et al.,
2001). The procedure is relatively easy to apply and is suitable for many field and tectonic
settings. Using appropriate ground motion relations (e.g., Atkinson and Boore, 1995), we
estimated values of peak ground acceleration and calculated the cyclic stress ratio that would be
generated by the various scenario earthquakes. Employing the empirical relation between cyclic
stress ratio and corrected blow counts, we determined whether or not the three sandy layers at
MR25W would be likely or not likely to liquefy during the earthquakes.
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Table 3. Liquefiable Sediments at Meramec River Site 25W From MDOT Borings

Boring (Depth Suscep. Blow Water |Description
Sediment (ft) | Count (N) | Table (ft)

Sand, fine with clay and trace silt, with thin layers of silty sand
B-1 16 2 15 and clayey silt.

B-1 31 13 15 Gravelly sand, brown and gray, cherty gravel.

Silty sand, gray, some reddish-brown, with trace to some gravel
B-1 47 12 15 and clay.

B-2 31 5 15 Sandy gravel with trace brown silt and silty sand.

Silty sand, gray, some reddish-brown, with trace to some gravel
B-2 37 10 15 and clay.

According to our liquefaction potential analysis (see Appendix II), a local (within 10 km of
MR25W) earthquake of M 5.25 would induce liquefaction in the upper layer (boring 1) and the
middle layer (boring 2); whereas a local M 6.0 earthquake would induce liquefaction in all three
layers. A M 6.75 earthquake centered in Germantown, Illinois (~80 km from the

site), would not induce liquefaction in any of the sandy layers at the site; whereasa M 7.5
earthquake in Germantown would induce liquefaction in all but the lower layer in boring 2.
Alternatively, a M 7.5 earthquake along the Centralia fault-Du Quoin monocline (~100 km from
the site) would induce liquefaction in the uppermost layer (boring 1) and the middle layer
(boring 2); whereas a M 7.8 earthquake along the same structure would induce liquefaction in all
but the lower layer in boring 2. According to the analysis, a M 8 earthquake produced by the
northern New Madrid fault system would not induce liquefaction at the site.

If only the middle layer is considered (since it appears to have been the source of the sand dike),
the 20-cm wide sand dike could have formed as a result of (1) a local (within 10 km) earthquake
of M 6.0, and possibly as small as 5.25, (2) a M 7.5 earthquake in Germantown, Illinois, or (3)
an earthquake of M 7.8, and possibly as small as 7.5, along the Centralia fault-Du Quoin
monocline (Appendix II). These results are similar to an earlier analysis using borehole data
from a nearby bridge crossing of the Meramec River (Tuttle et al., 1999). This analysis does not
take into account affects of site conditions on ground motions or changes in the liquefaction
susceptibility of the sediments resulting from the event or since the event.

Uncertainties of Age Estimates of Liquefaction Features

We reviewed age estimates of previously and newly found liquefaction features and ranked the
quality of the estimates (A-D) based on radiocarbon dating, maximum and minimum age
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constraints of features, weathering characteristics of features, and dating at nearby sites
(Appendix I). This evaluation makes explicit uncertainties in the age estimates and helps to
identify areas where additional effort is needed to improve age estimates of liquefaction features.
For example, age estimates for several Middle Holocene liquefaction features along Big Muddy
and Kaskaskia Rivers and Shoal Creek are of high quality. However, age estimates of Middle
Holocene features along the lower Cache River and Cahokia Creek are of poor quality. If
Middle Holocene liquefaction features could be confidently correlated along all these rivers, the
area of liquefaction associated with the 4520 B.C. £ 200 yr event would be greatly enlarged.
Until the age estimates of the Middle Holocene liquefaction features along the lower Cache
River are improved, they can be interpreted in several ways. They could have formed as a result
of a very large earthquake originating from a distant source such as the NMSZ or a smaller
magnitude earthquake from a closer source such as the Commerce Geophysical lineament.

Several liquefaction features along the Meramec River are estimated to have formed during the
1811-1812 earthquakes. These estimates are thought to be of high quality. Several other
features along the Meramec are estimated to have formed during the Late Holocene and
Holocene. These estimates are of moderate to poor quality, respectively. No liquefaction
features along the Meramec has yet been attributed to the 4520 B.C. + 200 yr earthquake. If this
earthquake was centered near Germantown, Illinois, and did not induce liquefaction along the
Meramec River, it is likely to have been of M < 7.5. Additional efforts to search for and
improve age estimates of liquefaction features along the Cache, Meramec and other rivers in the
region would help to test this and other hypotheses.

Conclusions

During this study, reconnaissance for liquefaction features was conducted along numerous rivers
and creeks in the St. Louis region. Additional liquefaction features, interpreted as forming in
1811-1812 or during the Late Holocene, Middle Holocene, and Holocene, were found along the
Kaskaskia and Meramec Rivers and Cahokia, Crooked, Piasa, and Shoal Creeks (Fig. 2). These
findings indicate that the distribution of liquefaction features is greater than previously
determined and that additional reconnaissance in the region is still warranted.

Detailed study of a liquefaction site on the Meramec River helped to ascertain that a
discontinuous sandy layer crosscut by a 20-cm wide sand dike is not a sand blow. Unfortunately,
only a maximum age estimate of 4340 B.C., and not even a close estimate, could be determined
for the sand dike. Stratigraphic relations suggest that the sand dike might be as young as 800
B.C. Correlation of the 20-cm wide sand dike with other liquefaction features across the region
is tenuous given the uncertainty in its age estimate. Liquefaction potential analysis suggests that
the sand dikes at the Meramec River site could have formed as a result of a moderate to large
earthquake centered in the St. Louis area or a very large earthquake centered 80 to 100 km east
of St. Louis.

We reviewed age estimates of previously and newly found liquefaction features and ranked the
quality of the estimates (A-D). The ranking illustrates the wide range of uncertainties in the age
estimates of liquefaction features and points to particular events or geographical areas for which
additional information is especially needed. Most of the paleoseismic data in the St. Louis
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region are derived from reconnaissance-level studies. Estimates of timing of past earthquakes
are based on well-constrained age estimates for only a few liquefaction features. Additional
study and dating of liquefaction features is needed to further constrain the timing of
paleoearthquakes and to make regional correlations of similar-age liquefaction features. A more
complete picture of the size and spatial distributions of liquefaction features is needed to
interpret the source areas and magnitudes of prehistoric earthquakes with greater confidence.
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Appendix II. Liquefaction Potential Analysis for Sediments at Meramec River Site 25W.

Boring Depth (ft) M Distance A’ | Nigo® Cyclic Stress Results®
Ratio*
B-1 16 5.25 10 0.27 2 0.159 L
B-1 31 5.25 10 0.27 9 0.180 N
B-2 31 5.25 10 0.27 3 0.180 L
B-2 37 5.25 10 0.27 11 0.179 N
B-1 47 5.25 10 0.27 7 0.170 N
B-1 16 5.25 32 0.09 2 0.053 N
B-1 31 5.25 32 0.09 9 0.060 N
B-2 31 5.25 32 0.09 3 0.060 N
B-2 37 5.25 32 0.09 11 0.060 N
B-1 47 5.25 32 0.09 7 0.057 N
B-1 16 6 10 0.51 2 0.300 L
B-1 31 6 10 0.51 9 0.341 L
B-2 31 6 10 0.51 3 0.341 L
B-2 37 6 10 0.51 11 0.338 L
B-1 47 6 10 0.51 7 0.322 L
B-1 16 6 32 0.16 2 0.035 N
B-1 31 6 32 0.16 9 0.107 N
B-2 31 6 32 0.16 3 0.107 L
B-2 37 6 32 0.16 11 0.106 N
B-1 47 6 32 0.16 7 0.101 N
B-1 16 6 40 0.12 2 0.007 N
B-1 31 6 40 0.12 9 0.080 N
B-2 31 6 40 0.12 3 0.080 N
B-2 37 6 40 0.12 11 0.080 N
B-1 47 6 40 0.12 7 0.076 N
B-1 16 6.75 40 0.22 2 0.130 L
B-1 31 6.75 40 0.22 9 0.147 N
B-2 31 6.75 40 0.22 3 0.147 L
B-2 37 6.75 40 0.22 11 0.146 N
B-1 47 6.75 40 0.22 7 0.139 L
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Appendix II. Cont’d

Boring Depth (ft) M Distance Aoy’ N0y Cyclic Stress Results®
Ratio*
B-1 16 6.75 80 0.08 2 0.047 N
B-1 31 6.75 80 0.08 9 0.053 N
B-2 31 6.75 80 0.08 3 0.053 N
B-2 37 6.75 80 0.08 11 0.053 N
B-1 47 6.75 80 0.08 7 0.050 N
B-1 16 7 40 0.27 2 0.157 L
B-1 31 7 40 0.27 9 0.178 L
B-1 47 7 40 0.27 7 0.168 L
B-1 16 7 80 0.10 2 0.059 M/L
B-1 31 7 80 0.10 9 0.067 N
B-1 47 7 80 0.10 7 0.063 N
B-1 16 7 100 0.08 2 0.044 N
B-1 31 7 100 0.08 9 0.050 N
B-1 47 7 100 0.08 7 0.048 N
B-1 16 7.5 40 0.40 2 0.236 L
B-1 31 7.5 40 0.40 9 0.267 L
B-2 31 7.5 40 0.40 3 0.267 L
B-2 37 7.5 40 0.40 11 0.265 L
B-1 47 7.5 40 0.40 7 0.252 L
B-1 16 7.5 80 0.17 2 0.094 L
B-1 31 7.5 80 0.17 9 0.107 L
B-2 31 7.5 80 0.17 3 0.107 L
B-2 37 7.5 80 0.17 11 0.106 N
B-1 47 7.5 80 0.17 7 0.101 L
B-1 16 7.5 100 0.12 2 0.065 L
B-1 31 7.5 100 0.12 9 0.074 N
B-2 31 7.5 100 0.12 3 0.074 L
B-2 37 7.5 100 0.12 11 0.073 N
B-1 47 7.5 100 0.12 7 0.069 N
B-1 16 7.5 125 0.08 2 0.047 N
B-1 31 7.5 125 0.08 9 0.053 N
B-2 31 7.5 125 0.08 3 0.053 N
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Appendix II. Cont’d

Boring Depth (ft) M Distance Aoy’ N0y Cyclic Stress Results®
Ratio*
B-2 37 7.5 125 0.08 11 0.053 N
B-1 47 7.5 125 0.08 7 0.050 N
B-1 16 7.8 80 0.20 2 0.117 L
B-1 31 7.8 80 0.20 9 0.133 L
B-2 31 7.8 80 0.20 3 0.133 L
B-2 37 7.8 80 0.20 11 0.132 L
B-1 47 7.8 80 0.20 7 0.126 L
B-1 16 7.8 100 0.14 2 0.085 L
B-1 31 7.8 100 0.14 9 0.096 L
B-2 31 7.8 100 0.14 3 0.096 L
B-2 37 7.8 100 0.14 11 0.096 N
B-1 47 7.8 100 0.14 7 0.091 L
B-1 16 7.8 125 0.10 2 0.061 L
B-1 31 7.8 125 0.10 9 0.069 N
B-2 31 7.8 125 0.10 3 0.069 L
B-2 37 7.8 125 0.10 11 0.068 N
B-1 47 7.8 125 0.10 7 0.065 N
B-1 16 7.8 200 0.05 2 0.029 N
B-1 31 7.8 200 0.05 9 0.033 N
B-2 31 7.8 200 0.05 3 0.033 N
B-2 37 7.8 200 0.05 11 0.033 N
B-1 47 7.8 200 0.05 7 0.031 N
B-1 16 8 80 0.23 2 0.138 L
B-1 31 8 80 0.23 9 0.156 L
B-2 31 8 80 0.23 3 0.156 L
B-2 37 8 80 0.23 11 0.155 L
B-1 47 8 80 0.23 7 0.148 L
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Appendix II. Cont’d

Boring Depth (ft) M Distance Aoy’ N0y Cyclic Stress Results®
Ratio*
B-1 16 8 100 0.17 2 0.100 L
B-1 31 8 100 0.17 9 0.113 L
B-2 31 8 100 0.17 3 0.113 L
B-2 37 8 100 0.17 11 0.112 L
B-1 47 8 100 0.17 7 0.107 L
B-1 16 8 125 0.12 2 0.071 L
B-1 31 8 125 0.12 9 0.081 L
B-2 31 8 125 0.12 3 0.081 L
B-2 37 8 125 0.12 11 0.081 N
B-1 47 8 125 0.12 7 0.077 L
B-1 16 8 200 0.06 2 0.034 N
B-1 31 8 200 0.06 9 0.039 N
B-2 31 8 200 0.06 3 0.039 N
B-2 37 8 200 0.06 11 0.039 N
B-1 47 8 200 0.06 7 0.037 N
Key

'M — moment magnitude of the earthquake

“amax — maximum acceleration at ground surface

3N, — corrected blow count (N) from the standard penetration test (SPT)
“Cyclic Stress Ratio — stress causing liquefaction
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